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The soft-shell clam, Mya arenaria, is a benthic, filter-feeding, infaunal clam typically found in 
intertidal and shallow subtidal waters. Chesapeake Bay stocks of M. arenaria have been depleted 
since the 1960s due to various factors including predation, temperature, low recruitment, habitat 
loss, disease mortalities, and commercial harvest. As an important prey item for many 
commercial species, low abundances of these clams are mostly the result of the voracious 
appetite of the blue crab, Callinectes sapidus. In addition to predation, summer water 
temperatures in the Chesapeake Bay are likely driving the low abundances of M. arenaria, as 
water temperatures commonly surpass the optimal thermal range for this species (2° – 28° C). 
This study addresses several gaps in our understanding of M. arenaria, and the conditions 
required for an aquaculture industry for this species to be successful in the Chesapeake Bay. A 
series of caging experiments and mesh experiments were conducted over two years (2018 and 
2019) and at two tidal zones (intertidal and subtidal) in Timberneck Creek and Catlett Islands, 
VA to examine the recruitment and survival of M. arenaria. In 2018, cages were constructed of 
¼” (0.63 cm) VEXAR mesh and cut-off 5-gallon buckets and compared to open plots in two 
seasons, spring and fall. In 2019, cages were constructed of perforated aquatic plant pots with 
one of two mesh types, netting or VEXAR, and one of two mesh sizes, ¼” or ½”, cable tied over 
the top of each cage. One open cage (no mesh covering cage) treatment served as a control at 
each of the tidal zones at each site. There were two replicates of each caging treatment at each 
site and tidal zone. Each cage was filled with sediment and 10 marked and measured M. arenaria 
were planted ~2.5 cm in sediment. One cage of each treatment at each site and tidal zone was 
collected and examined 6 months from deployment date (and the remaining cages one of each 
treatment) were collected and examined 12 months from deployment date. At each tidal zone, 
“iButtons” (temperature loggers) were deployed to collect continuous water temperature 
measurements. In the lab, clams were identified, counted, measured, and analyzed for organic 
content using standard ash-free dry-weight (AFDW) measurements. The presence of crabs that 
had entered into cages made a significant difference in the survival of outplanted clams across all 
treatments for both tidal zones. Net treatments yielded significantly greater densities of recruits 
as compared to open and VEXAR treatments in both tidal zones. Overall, the presence of caging 
and netting increased Mya arenaria survival and recruitment. Netting offered enough protection 
from predators to allow clams to grow to harvestable sizes within six months. Caging mesh type 
and size played a role in M. arenaria recruitment and survival, with recruits tending to be more 
abundant in the ¼” net treatments. This study provides evidence that protection by caging and 
netting increases survival and recruitment of Mya arenaria – indicating that it is possible to have 


























The soft-shell clam, Mya arenaria, is a benthic, filter-feeding, infaunal clam typically found in 
intertidal and shallow subtidal waters with soft sea bottoms ranging from sand to mud (Newell & 
Hidu, 1986; Rasmussen, 1973). This species is globally distributed along the east coast of North 
America from Nova Scotia and Labrador (Baker & Mann, 1990) Canada, to Georgia, USA and 
along the west coast of North America from Alaska to San Francisco, CA (Strasser, 1999), and 
in Europe from Norway to the Black Sea, including in the Mediterranean (Baker & Mann, 1990). 
The soft-shell clam is a commercially important species, comprising 8% of the domestic 
commercial clam profit in the U.S. in 2017 (NMFS, 2018). Mya arenaria has historically played 
a large role in the food web and water quality of Chesapeake Bay. It is also valuable prey for 
many commercial and recreational species in the Bay, including the blue crab, Callinectes 
sapidus, and demersal fishes (Abraham & Dillon, 1986; Eggleston et al., 1992; Seitz et al., 2001; 
Fisher, 2010; Theit et al., 2014). Mya arenaria filters particles, such as algae, organic matter, or 
sediment, out of the water column to feed. The filtration of water by bivalves such as M. 
arenaria can improve water clarity and thus water quality. An adult M. arenaria (>25 mm in 
shell length) can filter 54 liters (L) /day (d), compared to the Eastern Oyster (Crassostrea 
virginica) with a filtration rate of ~312 L/d for a 100 mm individual (Fisheries and Oceans 
Canada, 1993; Steward, 1993); thus, soft-shell clams also have the potential to substantially 
improve the water quality of Chesapeake Bay. 
 
In the 1950s the Chesapeake Bay, Virginia, USA, supported a hydraulic dredge soft-shell clam 
fishery. However, by the 1960s landings of M. arenaria began to dwindle indicating that these 
bivalves had suffered overharvesting and predation, which eventually led to the closure of the 
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Virginia fishery in 1968 (Baker & Mann, 1990). Densities of M. arenaria continued to decline 
when Tropical Storm Agnes hit the Chesapeake Bay in 1972. This 100-year storm led to an 
influx of freshwater and sedimentation into the Bay from the watershed (Hyer & Ruzecki, 1976; 
Schubel, 1976; Schubel et al., 1976). The Maryland fishery has remained open, but with record 
low harvests compared to historical ones (Maryland DNR). The increased sedimentation in the 
Bay led to a mass mortality event of M. arenaria following the storm (Cory & Redding, 1976) 
and contributed to the failure to recover (Haven, 1970) and pronounced declines (90% in 
Maryland) since the 1990s (Maryland DNR; Figure 1).  
 
Declining M. arenaria abundances have led to variable and record low harvests in Maryland 
(Homer et al., 2011). Chesapeake Bay stocks of M. arenaria remain depleted due to various 
factors including predation (Seitz et al., 2001; Beal, 2006), temperature (Najjar et al., 2000), low 
recruitment (Beukema & Dekker, 2005; Bowen & Hunt, 2009), habitat loss (Glaspie, 2018; 
Glaspie et al., 2018), disease mortalities (Dungan et al., 2002), and commercial harvest 
(Brousseau, 1978), with disease and overharvest previously cited as the main causes for recent 
declines (Fisher et al., 2011; Homer et al., 2011). However, overharvest is likely not playing a 
role in the low abundances in Chesapeake Bay, as there has not been commercial harvest of M. 
arenaria in the lower part of the Bay since 1968. Instead of overharvest, it is likely M. arenaria 
has not been able to recover from low abundances throughout the Bay due to high predator 
presence (Dethier et al., 2019; Seitz et al., 2001; Beal, 2006; Glaspie et al., 2018; Glaspie et al., 
2020). Tropical Storm Agnes drove M. arenaria to shift to a low-density alternative stable state, 
and blue crab predation has maintained this low density (Glaspie et al., 2020). 
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If protected from predators in 
Maine, M. arenaria can survive 
and recruit into the population 
(Munroe et al., 2015; Beal & 
Kraus, 2002). Aquaculturists 
have implemented the use of 
netting to protect these clams 
when transplanted in the field. 
Mya arenaria have been 
successfully farmed and 
harvested through aquaculture in 
Maine since 1987, when 
protected from predators. The 
use of netting or cages with 
outplanted clams offers 
protection from predators in 
Maine including the green crab 
(Carcinus maenas) and the 
northern moon snail (Euspira 
heros), allowing clams to survive with a three-fold enhancement over that of wild spat (Beal & 
Kraus, 2002). In Chesapeake Bay, M. arenaria predators consist of the blue crab (Callinectes 
sapidus), cownose ray (Rhinoptera bonasus) (Fisher, 2010), demersal fishes (de Goeij et al., 
2001; Seitz et al., 2001), and horseshoe crab (Limulus Polyphemus) (Botton, 1984; Lee, 2010). 
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Since the blue crab is one of the dominant predators in Chesapeake Bay and the main predator of 
adult clams (Seitz et al., 2001), they are the focus of the present research regarding predator 
deterrence.  
 
Climate change and warming waters could result in low abundances of adult and larval M. 
arenaria, as they survive well in temperatures between 2° and 28°C (Cohen, 2005; Stickney, 
1964) and experience mortality above the upper threshold (Kennedy & Mihursky, 1971). In 
addition, water temperatures above 21°C have led M. arenaria to not burrow as deep in the 
sediments, making them more vulnerable to predation (Newell, 1991). Average water 
temperatures within Chesapeake Bay have already increased by 2.52°C from 1960 to 2010 and 
are predicted to continue to rise (Rice & Jastram, 2015). Water temperatures within Chesapeake 
Bay, specifically the York River, average around 14°C annually, but can vary across all four 
seasons, from 2 - 5°C during the winter months and range 23 - 24°C during the summer months 
(Reay & Moore, 2009), with temperatures occasionally reaching 30°C (Moore & Jarvis, 2008). 
As climate change continues to impact Chesapeake Bay, M. arenaria will have to adapt to the 
changing water temperatures, shift to live in deeper (subtidal) waters, or face local extinction or 
northward migration.  
 
Hard clams (Mercenaria mercenaria), like the soft-shell clams, bury in soft sediments, making 
both clam species susceptible to predation, especially as juveniles (Dethier et al., 2019). To 
combat predation pressure, bivalves have evolved to develop either armor, such as is case with 
the hard clam, or avoidance, like the soft-shell clam and its ability to bury. Caging and netting to 
deter predators have been successfully used in hard clam aquaculture in Virginia since the mid-
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1990s (Hudson & Murrary, 2014). Hard clam aquaculture has grown dramatically, after 
aquaculture operations were able to overcome obstacles such as predation with the 
implementation of VEXAR and flexible netting bags used to deter blue crabs (Hudson, 2018). In 
the case of hard clams, blue crabs can only feed on clams up to a certain size, so if small clams 
are protected from predation, they can potentially survive to a size that makes them unavailable 
to many of their predators (Arnold, 1984). Soft-shell clams, however, must typically rely on their 
burial depth or habitat complexity for predator refuge (Glaspie et al., 2018). 
 
Previous attempts to culture M. arenaria in Virginia have been conducted and had some success. 
Predation by crabs and cownose rays, warm water temperatures, and lack of grow-out facilities 
are among some of the problems that have led to the lack of an established soft-shell clam 
aquaculture industry. In a previous study, grow-out of soft-shell clams was deemed not 
financially viable at the time due to the use of expensive equipment and grow-out methods and 
high mortality in intertidal habitats when temperatures were above 87oF (30.6oC; Vigliotta, 
2001). Successful grow-out was possible in years where intertidal summer temperatures did not 
exceed 80oF (26.7oC; Vigliotta, 2001). Lethal water temperatures as well as a lack of protection 
from predators could be the reason for high mortality rates and low growth rates of the previous 
attempts to grow-out M. arenaria. 
 
The current study addresses several gaps in our understanding of M. arenaria, and the conditions 
required for an aquaculture industry for this species to be successful. Additional research was 
needed to determine optimal temperatures and field grow-out conditions in Virginia, as well as 
the predator-exclusion mesh size and material that is cost-effective and eliminates predation on 
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clams. Based on the predator deterrence results from caging studies carried out in Maine (Beal & 
Kraus, 2001), I aimed to obtain the background knowledge on M. arenaria, and the preferred 
Chesapeake Bay conditions needed to jump-start soft-shell clam aquaculture in Virginia through 
caging experiments and examination of recruitment and survival of M. arenaria. This main 
objective was accomplished through the following two main efforts: (1) the analysis of caging 
effects on survival, recruitment, and growth of M. arenaria and (2) the analysis of temperature 
effects on growth and survival of M. arenaria at two tidal zones in Timberneck Creek and Catlett 
Islands, VA. I also concurrently looked at recruitment of other bivalve species to the cages. 
 
Main Objectives: Analysis of caging and temperature effects on survival and recruitment of M. 
arenaria in Timberneck Creek and Catlett Islands, VA. 
o Questions. 
1. Do cages successfully deter predators, allowing M. arenaria to recruit, survive, and 
grow? 
a. Hypothesis. 
i. Predator exclusion cages will allow M. arenaria to successfully recruit 
and survive allowing clams to grow to harvestable sizes. 
2. Is there a difference in the success of predator deterrence with varying mesh types 
and mesh sizes? 
a. Hypotheses. 
i. There will be no difference in predator deterrence with varying mesh 
types. 
ii. Smaller mesh sizes will exclude predators better than large mesh sizes. 
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3. Does position in the tidal zone cause differences in the recruitment and survival rates 
of M. arenaria? 
a. Hypotheses 
i. Survival will be lower in the intertidal zone compared to subtidal zone 
due to increased water temperatures in the summer months.  
2. METHODS 
 
2.1. The Study System 
 
All studies took place in the middle of the York River, a partially mixed tributary of the 
Chesapeake Bay estuary (Figure 2, A). In this area of the York River, typical mean seasonal water 
temperatures range from 15.2 – 18.7°C for spring, 25.2 – 28.5°C for summer, 14.9 – 20.9°C for 
fall, and 4.5 – 12.1°C for winter. Salinity ranges from mean values of 10.7 – 22.6 for spring, 15.1 
– 23.1 for summer, 13.2 – 25.2 for fall, and 10.3 – 23.1 for winter (CBNEER York River SWMP). 
Sediments in the main stem of the York River are typically of muddy substrate, and the system has 
a semi-diurnal tidal cycle that has a mean tidal range of 0.70 m at the mouth to 1 m at the Pamunkey 
River (Friedrichs, 2009). Bivalve populations typically consist of, but are not limited to, the hard-
shell clam (Mercenaria mercenaria), stout razor clams (Tagelus plebeius), Baltic clam (Limecola 
balthica), Ameritella mitchelli, dwarf surf clam (Mulinia lateralis), Amethyst gem clam (Gemma 
gemma), Eastern oyster (Crassostrea virginica), Atlantic ribbed mussel (Geukensia demissa), and 
soft-shell clam (Mya arenaria) (Glaspie & Seitz, 2017). Within the York River, there are a few 
clam diseases present, which include the parasitic protist Perkinsus chesapeaki and disseminated 
neoplasia (Glaspie et al., 2018; Dungan et al., 2002).  
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2.2. 2018 Study 
 
2.2.1. Field methods  
In October 2018, four sites were selected based on sediment type and location in Timberneck 
Creek, VA (Figure 2, B). Sites were pooled into two “locations” based on proximity to each 
other, “up-creek” (sites 3 and 4) and “down-creek” (sites 1 and 2) for statistical analyses (Figure 
3). At each location/site, 2 x 2 meter (m) plots were measured and marked (Figure 4) and 3 
cages, two fully enclosed and one partially enclosed cage were deployed 1 m apart in the corners 
of the plot with random interspersion of treatments (using a random numbers generator). Cages 
were constructed of 5-gallon buckets (31.0 cm diameter,12.7 cm height, with surface area 0.274 
m2), and the top of the cage was covered with ¼” (0.63 cm) mesh VEXAR and cable-tied closed 
(Figure 5). Partial cages had 2 rectangular holes cut into the mesh (~5 x 5 cm). One corner at 
each plot served as an open control. Cages were pushed into the sediment with ~4 cm of the cage 
Fig. 2. Site map for 2018 and 2019 caging study in Timberneck Creek (2018, 
2019; B) and Catlett Islands (2019; C), York River (A), Chesapeake Bay, VA. 








protruding above the 
sediment surface. 
Partially enclosed cages 
were covered 24 hours 
(hr) with a full cage to 
allow outplanted clams 
to acclimate and the full 
cage was removed the 
next day.  
Juvenile M. arenaria 
were collected from inflow pipes at the GEM Seawater Lab at the Virginia Institute of Marine 
Science where natural seawater comes directly from the York River, and clams were held in 
flow-throw tanks until experimentation. Clams ranged from 8.6 to 16.5 mm with a mean shell 
length (SL) of 13.4 mm. Clams were marked with Sharpie permanent marker and allowed to 
recover for 









(sites 3 & 4)
Down-creek
(sites 1 & 2)
Fig. 3. 2018 caging study in Timberneck Creek, VA. Sites 1 & 2 were clustered 
into the “down-creek” location (red) and sites 3 & 4 were clustered into the 
“up-creek” location (yellow).
Fig. 4. Plot for 2018 caging study. Plot was marked by PVC in each corner and 
consisted of 3 cages – 2 fully enclosed, 1 partial cage, with an open section.
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(23.3 clams/m² similar to natural abundances in the York river of 10 - 53 clam/m2; Glaspie et al., 
2018) were planted ~2.5 cm deep in sediment with the siphon facing up. No M. arenaria were 
planted in the open controls. Cages were deployed on October 30, 2018. 
 
At deployment and retrieval date, samples were collected using a suction sampling device that 
collects samples of 0.11 m
2 area and 40 cm depth and collects the sample in a 1-mm mesh bag 
(Glaspie et al., 2018). Samples were placed in plastic gallon bags and frozen until sorting.  
At cage deployment, one sample was collected outside of the plot at each site to assess ambient 
clam assemblages at the time of deployment. At six months (April 18 & 22, 2019), one fully 
enclosed cage and one open suction sample were collected by inserting the suction cylinder 
around the cage, removing the cage, and evacuating the sediment within the cylinder at each site. 
At 12 months from deployment date (September 30, 2019), the remaining 2 cages (full and 
partial cage) and open plot were collected using suction sampler. In the field, samples were 
sieved over a 1-mm screen, bagged, brought back to the laboratory and frozen until sorting.  
 
Fig. 5. Top view of cages for 2018 study. On the left – partial cage, on the right – full 
cage. 
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In the laboratory, each sample was sorted thoroughly and double-checked, and all clam species 
and M. arenaria whole shells and shell fragments were removed from the samples. Clams were 
identified to species and enumerated, and SL was measured to the nearest ± 0.1 mm. Sieve 
contents were examined for the presence of whole marked M. arenaria shells or shell fragments 
(indicative of predation). Organic content and condition of clams were estimated using standard 
ash-free dry-weight (AFDW) measurements (Wetzel et al., 2005). Each whole individual M. 
arenaria present was measured, dried in a drying oven at 70°C for 48 hr until no more weight 
was lost, and then combusted at 550°C at 5 h to obtain ash-free weight (which removes the 
weight of the shell and gives an estimate of tissue weight). For each sample, bulk weights were 
obtained for each clam species. 
 
 
If M. arenaria mortality occurred, it was identified as either natural mortality (evidenced by 
whole shells), possibly caused by physical characteristics of site (water temperature, dissolved 




Model Formula  k 
g0 Intercept  2 
g1 Treatment  3 
g2 Location  3 
g3 Treatment + Location  4 
g4 Treatment + Location + (Treatment x Location)  7 
Table 1. Candidate generalized linear models for M. arenaria recruitment lengths and 
density for the 6-month cage retrieval date in the 2018 caging study. Treatment is a 
categorical factor with 2 levels; full, open. Location is a categorical factor with 2 levels; 
up-creek, down-creek. Number of parameters (k) are shown for each model, including 
variance (s2) as a parameter.
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Water quality was measured with a calibrated YSI Pro-Plus Multiparameter at each site for 
temperature (°C), salinity, and DO (mg/L). One sediment core, 4 cm2 in diameter, was taken at a 
depth of about 5 cm, and used for organic content and grain-size analysis using a coarse 
fractioning method with sieves ranging from 2.8 – 0.0625 mm (Plumb, 1981).  
 
2.2.2. Statistical analyses  
Due to small sample size, sites were clustered into “locations” to allow for certain analyses to be 
completed on M. arenaria recruits. Sites 1 and 2 were combined into a “down-creek” location, 
and sites 3 and 4 were combined in to an “up-creek” location and will be designated as such from 
here on out. Recruits (total n = 182) were analyzed by each cage retrieval date: 6-month retrieval 
(April) and one-year retrieval (September). For April, one full cage and the open plot were 
analyzed and in September, another full cage, partial cage, and open plot were analyzed per site. 
Clam lengths and density were analyzed by computing means, standard deviations, analysis of 
variance tests (ANOVA), general linear models, and Akaike’s information criterion corrected for 
small sample size (AICc) model comparisons. For the AICc analysis, I developed 5 statistical 
models (g0 – g4; Table 1 & 2) based on multiple alternative hypotheses regarding the influence of 
independent variables (treatment, location) and the additive and interaction models on each of 
the response variables (M. arenaria recruit density and size) (Chamberlin, 1980). Models were 
then compared using AICc and weighted probabilities in R (R Core Team 2017) and RStudio 
(RStudio Team 2017) statistical software (see below for details of statistical analyses). A low 
AICc value as well as a high weighted probability were used as a factors for predicting the best 
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model(s) to explain these data. 
 
 
Response variables were modeled as continuous variables. Each model was analyzed using 
logistic regression (generalized linear models), ANOVAs, and bias-corrected Akaike’s 
information criterion corrected for small sample size(AICC) values were calculated to determine 
the best model to fit the data. Weighted model probabilities (wi) based on ΔAIC values were 
used to determine the probability that a particular model was the best-fitting model with the 
critearia of a 0.2 weighted probability as a guideline (Bromilow & Lipcius, 2017). Percent 
deviance explained was calculated as another criterion for selection of the best model. 
Outplanted M. arenaria density and size were analyzed to examine effects of treatment (cage 
type: full, partial, open) and location (up-creek & down-creek). Recruited M. arenaria (no 
marking on the shell) density and size were also analyzed to examine effects of treatment and 
location, including additive and interaction models for both factors. Homogeneity of variance 
and normality were examined visually using histograms and boxplots and through the Levene’s 
test. Log transformation of data did not result in significant differences in analyses. Tukey tests 
were run to analyze potential differences among locations/sites. Analysis of recruited M. 
Table 2. Candidate generalized linear models for M. arenaria recruitment lengths and 
density for the 1-year cage retrieval date in the 2018 caging study. Treatment is a 
categorical factor with 3 levels; full, partial, open. Location is a categorical factor with 
2 levels; up-creek, down-creek. Number of parameters (k) are shown for each model, 
including variance (s2) as a parameter.
 
Model Formula  k 
g0 Intercept  2 
g1 Treatment  4 
g2 Location  3 
g3 Treatment + Location  5 
g4 Treatment + Location + (Treatment x Location)  9 
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arenaria was completed separately from the analysis of other clams and was done at both the 6-
month (April 2019) and 1-year collection dates (October 2019). Mean clam lengths and overall 
abundance (recruits) and survival (outplanted) were assessed for both collection periods. 
Outplanted M. arenaria were analyzed through boxplots for trends in survival and comparisons 
of mean lengths due to small sample size. Statistics were run in R studio (R Core Team 2017). 
Diversity of species collected were examined using pivot tables and species matrices. 
 
2.3. 2019 Study 
 
2.3.1. Clam collection and site selection 
Mya arenaria were collected from Indian Field Creek, VA, using shovels, and held in holding 
tanks for 24-48 hrs. 
Clams ranged from 
14.6 to 36.8 mm with a 
mean of 22.5 mm in 
SL. Three sites were 
selected at each of two 
locations (Timberneck 
Creek & Catlett 
Islands) in the York 
River (Figure 6). In 
contrast to the 2018 
study, experimental 
plots with cages were 
Fig 6. Map of locations (Catlett Islands & Timberneck
Creek) and the three selected sites (1 – 3) within each 
location.
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established at two different tidal zones to examine effects of tidal zone and associated 
temperature differences, and cages were deployed in June instead of October.  
 
2.3.2. Cage deployment and sampling 
 
In June 2019, at each location (Timberneck Creek and Catlett Islands) and all sites (1, 2, and 3 at 
each location), two tidal zones(intertidal and shallow subtidal) were selected (Figure 7). 
 
A 5 x 2 m experimental plot was marked at each tidal zone. Each experimental plot included 2 
rows of 5 cages (10 cages in a plot at each tidal zone) with each cage deployed 1 m apart (20 
cages per site), with random interspersion of treatments (Figure 8). Cages were constructed of 
perforated aquatic plant pots of dimensions 25.5 cm wide x 25.5 cm long (surface area of 0.065 
m2) x 13.3 cm depth with one of two mesh types, a flexible, thin-plastic netting (net) or a ridged, 
thick-plastic mesh (VEXAR), and one of two mesh sizes, ¼” (0.63 cm) or ½” (1.27 cm) 
(treatments referred to in imperial units of length subsequently), cable tied over the top of each 
cage. One open cage (no mesh covering cage) treatment served as a control at each of the tidal 
zones at each site (Figure 9). There were two replicates of each caging treatment at each location, 
site, and tidal zone. Each cage was filled with sediment collected from the local site (typically 
Fig 7. Project design with two locations (Timberneck Creek & Catlett Islands, 






In each cage, 10 marked 
and measured M. 
arenaria (154 clams per 
m2) were planted ~2.5 
cm in sediment with the 
siphon facing up. This 
density is in line with 
natural densities in the 
system (of 10-53 
clams/m2; Glaspie et al., 






Open ¼ FN ½ V ½ FN ¼ V
Open ¼ FN¼ V½ FN½ V
Fig 8. At each tidal zone, a 5 x 2 m plot was deployed. Each plot had 2 rows of 5 
cages (10 cages total at each tidal zone). Cages were spaced 1 m apart and 
randomly dispersed. Treatments consisted of open (no mesh), ¼” flexible net 
(FN, light green), ½” VEXAR (V, navy), ½” FN (dark green), and ¼” V (light 
blue). There were 2 replicates of each treatment in each plot.    
Fig 9. Caging treatments for 2019 study. From left to right –
½” net, ½” VEXAR, ¼” net, and open cage. Open cages 
were covered with box cages (bottom right) for 24 hr to 
allow outplanted M. arenaria to acclimate. Not shown - ¼” 
VEXAR treatment.
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used by Beal and Kraus which ranged 333 – 666 per m2 (Beal & Kraus, 2002). One cage of each 
of the 5 treatments at each site and tidal zone was collected and examined 6 months from 
deployment date (i.e., in November 2019) and the remaining one of each treatment (5 cages 
total) was collected and examined 12 months from deployment date (i.e., in June 2020).    
 
2.3.3. Collection of physical parameters and disease determination 
 
Physical parameters were collected to use in a comparison between location and tidal zones and 
among sites. Water quality was measured with a calibrated YSI Pro-Plus Multiparameter at each 
site for temperature (°C), salinity, and DO (mg/L). One sediment core, 4 cm2 in diameter, was 
taken at a depth of about 5 cm, and used for organic content and grain-size analysis using a 
coarse fractioning method with sieves ranging from 2.8 – 0.0625 mm (Plumb, 1981). At each 
tidal zone, “iButtons” (temperature loggers) were deployed to collect continuous water 
temperature measurements. IButtons were programed to record water temperature every 20 
minutes in the warmer months (June – November 2019) and every 120 minutes during the colder 
months (December 2019 – March 2020, except iButtons were not able to be accessed from 
March 2020 – June 2020 due to COVID-19 restrictions). IButtons were dipped twice in clear 
Plasti-dip and attached to cages via Zip tie. Turbidity data were collected continuously on 
bimonthly cruises of the lower York River estuary by a collaborative effort of multiple 
laboratories at the Virginia Institute of Marine Science (Anderson et al., 2019, unpublished). 
Surface water samples were taken at each location, site, and tidal zone and analyzed for algal 
composition. All quantification of algae was completed using quantitative real-time PCR (qPCR; 
Pease et al., 2021).  
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In preparation for qPCR, samples were filtered through 3-micrometer (μm) Isopore TM 
membrane filters (Millipore Corp., Darmstadt, Germany) for DNA extraction and qPCR 
analysis. Filters were placed in 5-millileter (mL) centrifuge tubes, frozen at − 20 ◦C until DNA 
was extracted using the QIAamp® Fast Stool Mini Kit (QIAGEN©, Germantown, Maryland, 
USA) according to the manufacturer’s protocol with the following modifications. Instead of 
using only 200 microliters (μL) of the lysate, the entire sample was carried through the extraction 
protocol. The reagent volumes were increased in subsequent steps to maintain the proper ratio of 
sample to reagents. A “blank” extraction (reagents only) was included with each set of samples 
to ensure there was no contamination. Extracted DNA samples were stored at − 20 ◦C until they 
could be quantified using qPCR.  
Cell counts for the control stock cultures were determined by light microscopy. DNA was 
extracted from a known number of cells to use as positive control material, and for generating 
standard curves through serial dilution of the DNA to achieve a range of cell number equivalents. 
qPCR assays were performed on 7500 Fast, QuantStudio 6, or QuantStudio 3 Real-Time PCR 
systems (Applied Biosystems TM, ThermoFisher, Waltham, Massachusetts, USA) using the 
following cycling parameters: an initial denaturation step at 95 ◦C for 20 seconds (s) followed by 
40 cycles of 95 ◦C for 3 s to denature and 60 ◦C for 30 s to anneal and extend. All reactions were 
performed in duplicate with reagent concentrations for each reaction of 0.9 μM for each primer, 
0.1 μM for the probe and 1X concentration of the TaqMan® Fast Advanced Master Mix 
(Applied Biosystems TM, ThermoFisher, Waltham, Massachusetts, USA) in a 10 μL final 
volume. A subset of qPCR results was cross verified by light microscopy counts (100X 
magnification, Olympus 1 × 51 with Olympus DP73 digital camera, Center Valley, 
Pennsylvania, USA) of Lugol’s preserved (Carolina Biological Supply Company, Burlington, 
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North Carolina, USA) duplicate samples. Chlorophyll a was also taken at each site and tidal 
zone.  
Cages were collected by digging the cages out of the sediment. Cages were sieved using the 
mesh of the cages and were shaken repeatedly in the water column. Once sieved, contents were 
placed into gallon bags and frozen to be identified, counted, and measured in the lab. Any blue 
crabs present in the cages were counted and measured.  In the lab, organic content of clams was 
estimated using standard ash-free dry-weight (AFDW) measurements (Wetzel et al., 2005). Each 
individual M. arenaria present was measured and ashed by itself to assess mean growth per cage. 
Any other clams found were grouped according to species and ashed altogether as one unit.  
 
If M. arenaria mortality occurred, it was identified as either natural mortality (whole shells) or 
mortality through predation (broken shell fragments). 
 
 
Table 3. Candidate generalized linear models for outplanted and 
recruited M. arenaria lengths and survival/density for 2019 caging study. 
Cage is a categorical factor with 3 levels; net, VEXAR, open. Mesh is a 
categorical factor with 3 levels; ½”, ¼”, no mesh. Tidal zone is a 
categorical factor with 2 levels; intertidal, subtidal. Number of 
parameters (k) are shown for each model, including variance (s2) as a 
parameter.
 
Model Formula k 
g0 Intercept 2 
g1 Cage 4 
g2 Mesh 4 
g3 Tidal Zone 3 
g4 Cage + Mesh 6 
g5 Cage + Tidal Zone 5 
g6 Mesh + Tidal Zone 5 
g7 Cage + Mesh + Tidal Zone 7 
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Sixty Mya arenaria recruits (approximately 34.4 mm) were taken haphazardly from both 
locations and multiple sites and treatments to be analyzed by the Shellfish Pathology Laboratory 
at the Virginia Institute of Marine Science for disease prevelance. Clams were opened and soft 
tissues were fixed whole in Davidson’s fixative (Shaw & Battle, 1957). Transverse sections of 
~3 mm depth were taken from the fixed clams and processed using standard methods for paraffin 
histology (Howard et al., 2004). Six-micron sections were stained with hematoxylin and eosin 
and evaluated microscopically for the presence of any pathogens and disease conditions that 
might be present, including Perkinsus parasites and neoplastic conditions that are common in M. 
arenaria. 
 
2.3.4. Statistical methods 
 
At each retrieval date (6 months and 12 months since deployment), one cage of each mesh type 
(open, ¼” and ½” net, ¼” and ½” VEXAR) at each tidal zone, site, and location was sampled, 
and outplanted clams and new clam recruits were quantified. Outplanted M. arenaria survival 
and size were analyzed by cage retrieval date: 6-month retrieval (November 2019) and 12-month 
retrieval (June 2020). Since no M. arenaria recruits were present at the 6-month retrieval, 
recruits were analyzed for the 12-month retrieval only. Clam lengths and survival of outplanted 
clams were analyzed by computing means, standard deviations, generalized linear models, and 
Akaike’s information criterion (AIC) model comparisons. A low AIC value and high model 
weights were used as factors for predicting the best model(s) to explain these data. I developed 9 
statistical models using binomial distribution (g0 – g7), following an information-theoretic 
approach (Burnham & Anderson, 2002; Anderson, 2008), including the null model for 
comparison, and additive models to analyze survival and length of outplanted clams (Table 3).  
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Numbers/density of recruits and recruit lengths were analyzed by computing means, standard 
deviations, negative binomial generalized linear models and generalized linear models, and 
Akaike’s information criterion (AIC) model comparisons. Similar statistical models were 
developed using a normal distribution (g0 – g7), following an information-theoretic approach 
(Burnham & Anderson, 2002; Anderson, 2008), including the null model for comparison, and 
additive models to analyze numbers and lengths of recruits (Table 3).  
 
Response variables (outplanted M. arenaria survival & size, M. arenaria recruit counts & size) 
were modeled as continuous variables. Each model was analyzed using logistic regression and 
bias-corrected Akaike’s information criterion (AICC) values were calculated to determine the 
best model to fit the data. Weighted model probabilities (wi) based on ΔAIC values were used to 
determine the probability that a particular model was the best-fitting model with a criterion of a 
0.2 weighted probability guideline (Bromilow & Lipcius, 2017). Percent deviance explained was 
calculated as another criteria for best model selection. Response variables were compared by 
treatment (cage type: net, VEXAR, open) location (Catlett Islands and Timberneck Creek), mesh 
type (¼”, ½”, no mesh), and site (1-3) including additive and interaction models for all factors. 
Upon initial analyses, location and site were excluded as predictors in models due to the lack of 
effect observed on the response variables. Blue crab presence was included in the additive 
models for outplanted M. arenaria survival and for M. arenaria recruit density, which were also 
modeled as response variables to predict whether crabs recruited into specific cage or mesh 
types. Confidence intervals (CIs) assuming 95% coverage, to analyze for uncertainty and 
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likelihood ratio tests were run on the 2 models with the highest weighted probabilities. Tukey 
tests were run to analyze potential differences among caging treatments.  
 
Diversity of species collected were analyzed through pivot tables. Distance-based permutational 
multivariate analysis of variance (PERMANOVA; McArdle & Anderson, 2001; Anderson, 2001) 
was used to test for differences in bivalve communities by location (Si), tidal zone (Ti), and 
treatment (Tr). Non-metric multidimensional scaling (nMDS) ordination plots of centroids were 
used to summarize patterns of bivalve assemblages by the factors location (Timberneck Creek 
and Catlett Islands), tidal zone (intertidal and subtidal), and treatment (½” net and VEXAR, ¼” 
net and VEXAR, and open). All PERMANOVA and nMDS were calculated in the PRIMER v 7 




3.1. 2018 Experiment 
 








among sites (x̄ = 
19.1 °C; Table 
4). Dissolved 
oxygen (DO) 
and salinity were highest at the down-creek Timberneck Creek sites (sites 1 and 2), although the 
variation among sites was not substantial (DO x̄ = 10.8 mg/L; Salinity x̄ = 14.6). Water 
temperatures 
averaged 




did not vary 
substantially by 
site (x̄ = 6.5 
mg/L) and 
salinity averaged 24.9 across all sites in September. Grain size of sediments varied little by 
location/site – with both locations, down-creek sites (1 & 2) and up-creek (sites 3 & 4) having 
Fig. 10. Percent organic content in sediment samples collected from location and site





















Table 4. Physical data collected for 2018 study by site (1 – 4) and cage 
retrieval date (6-month/April; 1-year/September). Temperature (°C) 
dissolved oxygen (DO; mg/L), and salinity are shown.
Site Date Temperature (°C) Salinity
1 10/30/18 14.0 11.7
2 10/30/18 13.6 11.7
3 10/30/18 13.6 10.2
4 10/30/18 13.6 10.5
1 4/22/19 20.0 15.2
2 4/22/19 19.9 15.6
3 4/18/19 18.1 14.2
4 4/18/19 20.0 14.3
1 9/30/19 25.5 25.1
2 9/30/19 25.4 25.2
3 9/30/19 25.8 24.8
4 9/30/19 25.8 25.0
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fine to medium sand. Site 4 (up-creek) tended to yield more organic content in the sediment 
(Figure 10), and it was positioned close to a marsh (personal observation).  
 
3.1.2. Marked Mya arenaria Survival and Growth  
 
 
Marked M. arenaria were analyzed separately by cage retrieval date: 6-month retrieval and one-
year retrieval. For each retrieval date, data were analyzed by treatment (cage) and location/site 
(down-creek (1 & 2), up-creek (3 & 4)). At the 6-month retrieval, one full cage was retrieved at 
each location/site, and survival ranged from 28.5% at site 1 to 100% survival at site 2 (Figure 












Fig. 11. Survival of outplanted M. arenaria by location/site in April for 2018 caging 
study. All 7 clams survival in site 2, 5 survived in site 3, 3 survived in site 4, and only 2 
survived in site 1. Data for caged plots are shown.
Survival of Outplanted M. arenaria by Site in April
Down-creek Up-creek
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from the 6-month 
retrieval to the one-
year retrieval in the 
full cages, with only 
14.2% survival at 
site 1, and 0% 
survival at the other 
three sites. There 
was no survival in 
the partial cages at 
the one-year 
retrieval. Biomass for the 6-month retrieval of outplanted M. arenaria averaged 1.2 g/ individual 
with a range of 0.03 – 1.9 g and the one-year retrieval of outplanted M. arenaria averaged 1.0 g 
with a range from 0.6 – 1.6 g. 
After the first 6 months, outplanted M. arenaria size ranged from a maximum of 63.1 mm for a 
clam at site 1 to a minimum of 31.6 mm for a clam at site 4 (Figure 12 & 13).  Overall, M. 
arenaria grew from an initial average clam length of 13.0 ± 0.2 mm (± = standard error (SE)) to 
an average of 52.9 ± 2.02 mm, gaining 39.9 mm on average over the first six months. The single 
outplanted M. arenaria that was recovered in the one-year retrieval grew to a length of 59.8 mm 
– growing 46.8 mm from the average initial outplanted size.  
 
3.1.3. M. arenaria Recruitment and Disease 
 
Fig. 12. Lengths of outplanted M. arenaria by location/site in April (6 months after 
outplanting). Box-and-whisker plots showing the upper and lower quartiles with median 
(thick solid horizontal line) and range (vertical lines) for each site.




M. arenaria in 




which had a low 
AICc value, a 
high weighted 
probability of 
0.97, and explained 85% of the deviance; Table A1).  In April, full cages yielded ~10 x more 
recruits overall 
than open cages 
for both up-creek 
and down-creek 
locations (down-
creek: full (F) x̄ = 
22 ± 1.73, open 
(O) x̄ = 2.5 ± 
0.316, up-creek: 
F x̄ = 36.0 ± 
0.333, O x̄ = 4.5 ± 1.17; Figure 14). M. arenaria recruit size was best explained by location (g2, 
which had the lowest AICc value, a high weighted probability of 0.52, and explained 21% of the 
Fig. 13. Comparison of growth between outplanted M. arenaria (left two clams) and 
Mya recruits (right two clams) at the 6-month cage retrieval (April) for the 2018 caging 
study. Outplanted clams grew to an average of 52.9 mm.
Fig. 14. Density of M. arenaria recruits by treatment, full (F; left), open (O; right) for 
April. Box-and-whisker plots showing the upper and lower quartiles with median 
(thick solid horizontal line) and range (vertical lines) for each site.
Down-creek Up-creek
Density of M. arenaria Recruits per cage Treatment in April
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deviance; Table A2). Likelihood ratio tests (Chi-square) revealed no significant differences 
between the models with weighted probabilities ≥0.2. Recruit lengths in April were ~20% larger 
at the down-creek sites compared to up-creek (up-creek: F x̄ = 18.9 mm ± 0.53, O x̄ = 21.8 mm ± 
3.14, down-creek: F x̄ = 25.1 mm ± 0.75, O x̄ = 23.7 mm ± 3.6; Figure 15). Recruitment was 
reduced in September compared to April with only 48 recruits in the full cages, 4 recruits in the 
down-creek partial cages (with no recruits in the up-creek partial cages), and no recruits in the 
open plots (Table 4). Given the low numbers of September M. arenaria recruits, recruitment was 
best explained 
by the null 
model (g0, 
which had the 
lowest AIC 






clams in full cages in September averaged 42.2 mm ± 0.95 across locations (up-creek: x̄ = 41.8 
mm ± 0.97; down-creek: x̄ = 48.2 mm ± 1.09). Only the down-creek sites had recruits present in 
the partial cage, which averaged 56.6 mm ± 2.9. Mya arenaria recruit lengths in September were 
best explained by treatment + location (g3, which had a low AIC value and a weighted 
probability of 0.31; Table A4). Likelihood ratio tests (Chi-square) revealed no significant 
Fig. 15. Lengths of M. arenaria recruits by treatment, full (F; left), open (O; right) for 
April. Box-and-whisker plots showing the upper and lower quartiles with median (thick 
solid horizontal line) and range (vertical lines) for each site.
Down-creek Up-creek
Lengths of M. arenaria Recruits per cage Treatment in April
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differences between the models with weighted probabilities ≥ 0.2. Of the sixty clams that were 
analyzed for disease prevelance, none of the clams came back positive for Perkinsus chesapeaki 
or dessiminated neoplasia. 
 
3.1.4. Bivalve Diversity 
 
In addition to outplanted and recruited M. arenaria, five other infaunal clam species were present 
at the 6-month cage retrieval in April – Limecola balthica, Ameritella mitchelli, Mulinia 
lateralis, Tagelus plebeius, and Gemma gemma. There were substantially higher densities of 
other clams collected in the 6-month cage retrievals in April (n = 1018; Table 5) compared to the 
densities observed at the 1-year cage retrievals in November (n = 134; Table 5). Gemma gemma 
were not collected from any treatment during the 1-year cage retrieval. Equipment malfunction 
during the cage 6-month cage retrieval at site 3 resulted in the sediments being collected 
Table 5. Species diversity, density, and richness (S) for all sites (1 – 4) and cage types (fully 
enclosed cage, open) for 2018 cage retrievals at the 6-month (6 m) and 1-year (12 m) 
time periods.
Location Treatment Time (Date) A. mitchelli G. gemma L. balthica M. lateralis M. arenaria T. plebeius Total S
1 Open 6 m 4 1 18 0 2 2 27 5
1 Cage 6 m 3 0 25 1 14 1 44 5
2 Open 6 m 8 0 76 0 8 1 98 4
2 Cage 6 m 3 0 79 0 30 0 112 3
3 Open 6 m 4 1 317 0 7 0 329 4
3 Cage 6 m 0 0 136 0 40 1 177 3
4 Open 6 m 11 0 71 0 2 0 84 3
4 Cage 6 m 30 0 95 0 32 0 157 3
1 Open 12 m 0 0 0 0 0 1 1 1
1 Cage 12 m 2 0 1 0 2 0 5 3
2 Open 12 m 0 0 1 0 0 2 3 2
2 Cage 12 m 2 0 1 0 1 3 7 4
3 Open 12 m 0 0 9 1 0 12 22 3
3 Cage 12 m 1 0 6 2 1 8 18 5
4 Open 12 m 0 0 1 0 0 0 1 1
4 Cage 12 m 0 0 0 0 45 0 45 3
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manually (hand-digging) and could account for high diversity and numbers of individuals 
collected at that site.  
 
3.2 2019 Experiment 
 
3.2.1 Environmental Conditions 
 
Average water temperatures in the intertidal zone tended to be slightly greater (<0.5 °C) than 
temperatures in the shallow subtidal zone at Timberneck Creek with the exception of July at site 
1 and September and October at site 2 in Timberneck (Table A5).  Average summer water 
temperatures frequently surpassed the water temperature tolerance threshold of M. arenaria 
(28°C) at all three locations and tidal zones at Timberneck (Figure 16) with the exception of the 
subtidal water temperature at site 2 (mean = 27.9°C). IButton malfunctions resulted in the loss of 
June water temperature data at the subtidal zone for site 1 at Catlett Islands and October water 
temperature data 
for intertidal and 
subtidal zones for 
site 3 at Catlett 





slightly greater in 




















































































Temperature °C for Timberneck Creek Site 3
Intertidal
Subtidal
Fig. 16. Water temperatures collected for 2019 caging study from Ibuttons deployment 
date (June) to 6-month cage retrieval (November) at both tidal levels (intertidal (green), 
subtidal (yellow)) for Timberneck Creek site 3. Red line indicated upper thermal
threshold (28 °C) for M. arenaria.
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compared to intertidal zone at all three sites in Catlett Islands, however, differences were not 
substantial (<0.5 °C). At Catlett, average summer water temperatures frequently surpassed the 
water temperature tolerance threshold of M. arenaria (28°C) at both tidal zones at site 3 and at 
the intertidal zone for site 1 and site 2 (Table A6).  
 
In November, Timberneck Creek, site 1 (closest to the mouth of the creek; Figure 6) had slighter 
greater DO measurements, possibly due to the increased solubility in the colder water, whereas 
site 3 (farthest up-creek site; Figure 6) had slightly greater salinity (Table A7). Catlett Islands 
site 1 also had the highest DO and salinity readings for both tidal zones (Table A8). In June, DO 
was greater at Timberneck Creek than at Catlett Islands for all sites and tidal zones. Salinities for 
both locations were relatively similar. The fall season yielded the greatest Nephelometric 
Turbidity Unit (NTU) (Table A9). Water samples yielded no presence of Alexandruim 
monilatum or Margelefidinium polykrikoides at either location from June to November. Trace 
presence of 
Karlodinium 
veneficum (<5 qPCR 
cells/mL) and 
Prorocentrum 
minimum (<17 qPCR 
cells/mL) were found 
in water samples from 
both locations (Table A10). Grain size varied little between locations and among sites, with sites 
having fine to medium sand sediments. Organic content varied among sites at each location. 
Fig. 17. Percent organic content in sediment samples collected from each site and tidal zone at Catlett 


























Catlett Islands site 1 subtidal, however, had a high organic content, and there were fallen trees 
that were submerged laying by the cages (personal observation; Figure 17).  
 
3.2.2 Marked M. arenaria Survival and Size  
 
Survival and size of marked Mya arenaria were analyzed separately by cage retrieval date: 6-
month retrieval and one-year retrieval. The presence of crabs that had entered into cages made a 
significant difference in the survival of outplanted clams across all treatments for both tidal 
zones at the 6-month cage retrieval (Table A11). Low % deviance explained was likely due to 
small sample size and variation. Crab presence was analyzed as a separate factor from clam 
survival. When removing crab presence/absence as a factor in the model comparisons, M. 
arenaria survival was best explained by cage type and tidal zone (g5, which had the lowest AIC 










Fig. 18. Results from the best model (Cage + Tide) for the probability of survival of 
outplanted M. arenaria for the 6-month cage retrieval with crab presence removed from 
the models. Results are split up by tidal level (intertidal & subtidal) and factors include 
cage type (open, VEXAR, net). Circle indicates the mean and bars are 95% confidence 
intervals (CI). 




between the models 
with weighted 
probabilities ≥ 0.2. 
Low % deviance 
explained was 
likely due to small 
sample size and 
variation. Survival 
was approximately 
2x greater in the 
intertidal zone (18% survival in net treatment) compared to subtidal zone (8% survival in net 
treatment) when protected by mesh, and clam survival was 6x higher in the net caging treatment 
than open plots (Figure 18), though overall survival was < 20%.  
Outplanted clams grew to an average length of 42.2 mm ± 0.76 (± = SE) from the initial average 
size of 22.5 mm at the 6-month cage retrieval (Figure 19).  For the 6-month outplanted M. 
arenaria size, the best model to explain these data were the null model (g0; which had the lowest 
AIC value and a high weighted probability of 0.51; Table A13). Likelihood ratio tests (Chi-
square) revealed no significant differences between the models with weighted probabilities ≥ 0.2. 
For the 1-year cage retrieval, M. arenaria survival was best explained by cage type and mesh 
size (g6, which had the lowest AIC value, a high weighted probability of 0.38, and explained 
Lengths of Outplanted M. arenaria for the 6-month 
Cage Retrieval (November)
Fig. 19. Histogram of outplanted M. arenaria lengths for the 6-month cage retrieval 
(November) for 2019 caging experiment. Red line indicated market size (50.8 mm) for M. 
arenaria.
 34 
18% of the 
deviance; Table 
A14). Survival of 
outplanted M. 
arenaria was 5x 
greater in the net 
treatment (5.8% 
survival) 
compared to open 
(1% survival) and 
2x greater than in 
VEXAR cages 
(2.9% survival), 
and it tended to be 
greater in the ½” 
mesh size (11% 
survival) 
compared to the 
¼” mesh size (6% survival; Figures 20a & b). Significant differences were observed between net 
and open cages but no significant difference was found comparing mesh sizes. Outplanted M. 
arenaria were larger in the 1-year cage retrieval compared to the 6-month cage retrieval, with an 
average length of 53.8 mm ± 0.93 (Catlett: x = 52.9 mm ± 0.97; Timberneck: x = 54.7 mm ± 
0.85; Figure 21). For the 1-year outplanted M. arenaria size, the null model was the best model 
Fig. 20b. Results from the best model (Cage + Mesh) for the probability of survival of 
outplanted M. arenaria for the 1-year cage retrieval by mesh size ( ½ ”, ¼”). Results for 
subtidal are shown. Circle indicates the mean and bars are 95% confidence intervals (CI). 
Fig. 20a. Results from the best model (Cage + Mesh) for the probability of survival of 
outplanted M. arenaria for the 1-year cage retrieval by cage type (open, VEXAR, net). 
Results for subtidal are shown. Circle indicates the mean and bars are 95% confidence 
intervals (CI). 













due to low 
sample size and high variation.  
 
3.2.3 Mya arenaria and Callinectes sapidus Recruitment  
 
In 2019, there were only 2 M. arenaria recruits at the 6-month cage retrieval in November. In 
June 2020 a total of 1,583 M. arenaria recruits were collected from the one-year cage retrieval 
(Figure 22), with 528 collected from Catlett Islands and 1,055 from Timberneck Creek. Mya 
arenaria recruitment was best explained by cage type and tidal zone (g5, which had the lowest 
AIC value, a high weighted probability of 0.39, and explained 18% of the deviance; Table A16, 
Figure 23).  Likelihood ratio tests (Chi-square) revealed no significant differences between the 
models with weighted probabilities ≥ 0.2. Net treatments yielded significantly greater densities of 
Lengths of Outplanted M. arenaria for the 1-year Cage 
Retrieval (June)
Fig. 21. Histogram of outplanted M. arenaria lengths for the 1-year cage retrieval (June 




compared to open 
and VEXAR 
treatments in both 
tidal zones and there 
were 3x greater 
densities of recruits 
in the intertidal zone 
compared to subtidal 
zone. Mya arenaria 
recruit size was best 
explained by mesh size and tidal zone (g6, which had a low AIC value, a high weighted 











Fig. 22. Contents of one of the treatments from the 2019 1-year cage retrieval. Max M. 
arenaria recruits present in a single treatment was 207 individuals.
Fig. 23. Results from the best model (Cage + Tide) for the density of M. arenaria recruits 
per treatment for the 1-year cage retrieval, crab presence removed from the models. 
Results are split up by tidal level (intertidal & subtidal) and factors include cage type 
(VEXAR, open, and net). Circle indicates the mean and bars are 95% confidence intervals 
(CI). 
 37 
comparing mesh sizes and no mesh, with the largest recruit lengths in the “no mesh” treatments 
(Figure 24).  However, the range in the SL of recruits was low. Recruits averaged 36.5 mm ± 
0.12 in length with Catlett yielding larger recruits (Catlett: x̄ = 37.5 mm ± 0.12; Timberneck: x̄ = 
35.8 mm ± 0.12). Subtidal zones also yielded larger recruits (subtidal: x̄ = 37.3 mm ± 0.28; 
intertidal: x̄ = 36.0 ± 0.13). Despite our best efforts, Callinectes sapidus were present in 22 out of 
the 60 cages for the 6-month and 31 out of the 60 1-year cage retrievals. Crabs were 2x as likely 
to recruit into the 
VEXAR treatments 
compared to net 
treatments and 3x as 
likely to recruit into ½” 
mesh size compared to 
no mesh (Figure A1). It 
is important to note that 
crabs likely escaped the 
open treatment cages 
upon cage retrieval. For 
the 6-month cages, 18/22 of the cages had evidence of clam death linked to predation (shell 
fragments/crushed shell) and for the 1-year cages, 30/31 of the cages had evidence of clam death 
linked to predation. The average carapace length of the crabs for the 6-month cage retrieval was 
61.4 mm and ranged from 2.4 – 91.1 mm and the average carapace length of crabs in the 1-year 
cages was 54.6 mm and ranged from 12 – 103.8 mm (Figure A2). 
 
Fig. 24. Results from the best model (Mesh + Tide) for the length of M. arenaria recruits 
for the 1-year cage retrieval. Factors include mesh type (½” , ¼” , and no mesh). Results 
for intertidal are shown. Circle indicates the mean and bars are 95% confidence intervals 
(CI). 
Lengths of M. arenaria recruits per Mesh Treatment 
for 1-year Cage Retrieval (June)
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3.2.4 Bivalve Diversity and Community Data 
 
Four additional infaunal bivalve species were collected during the 6-month cage retrieval in 
2019, including Limecola balthica, Ameritella mitchelli, Mulinia lateralis, and Tagelus plebeius, 
with L. balthica being the most abundant across both locations. In total, 169 individual bivalves, 
other than M. arenaria, were collected, with Catlett (n = 111) having the majority of the other 
clam species’ recruits. At both locations, the cages retrieved from the intertidal zone yielded 
greater abundance of the additional clams (Catlett: n = 82; Timberneck: n = 36; Table 6). For the 
1-year cage retrieval, in total, 313 bivalve recruits (excluding recruited M. arenaria) were 
collected from the cages (Timberneck (n = 155), Catlett (n = 158)). Similar to the 6-month cage 
retrieval, the intertidal cages tended to yield greater densities of clam recruits (Catlett: n = 504; 
Timberneck: n = 811; Table 7). Recruited M. arenaria made up the majority of the bivalves that 
recruited into the cages at both locations, with L. balthica having the next highest density in the 
cages. 
 
Tidal zone and treatment significantly impacted the bivalve community with the abundance of 
M. arenaria likely acting as the driving factor for the differences noted in the bivalve 
communities in the intertidal and subtidal zones (Figures 25 a & b). In pair-wise comparisons, 
there were significant differences when comparing mesh type and size to open treatments across 
both tidal zones (Tables 8a & b). Mya arenaria recruits tended to be found in higher abundances 
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Fig. 25a. Non-metric multidimensional scaling (nMDS) ordination plots 
of centroids by tidal level (intertidal (I), subtidal (S)), and treatment 
(½” Net (N) & VEXAR (V), ¼” N & V, open (O)), for the whole bivalve 
community in the 2019 1-year cage retrieval.
Fig. 25b. Non-metric multidimensional scaling (nMDS) ordination 
bubble plots of centroids by tidal level (intertidal (I), subtidal (S)), and 
treatment (½” Net (N) & VEXAR (V), ¼” N & V, open (O)), for recruited 
M. arenaria the 2019 1-year cage retrieval.
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Table 6. Species diversity, density, and richness (S) for all locations (Loc; Catlett Islands, 
Timberneck Creek), sites (1 – 3), tidal level (intertidal (I), subtidal (S)), cage type and mesh size 
(½” Net (N) & VEXAR (V), ¼” N & V, open (O)), for 2019 6-month cage retrieval. 
Loc Site Tide Tr A. mitchelli L. balthica M. lateralis M. arentia T. plebeius
Catlett 1 I 1/2 N 0 0 0 0 0
Catlett 1 I 1/2 V 5 1 0 0 0
Catlett 1 I 1/4 N 0 1 0 0 0
Catlett 1 I 1/4 V 0 0 0 0 0
Catlett 1 I O 0 0 0 1 0
Catlett 1 S 1/2 N 0 4 0 0 0
Catlett 1 S 1/2 V 0 0 0 0 0
Catlett 1 S 1/4 N 5 1 0 0 0
Catlett 1 S 1/4 V 0 0 0 0 0
Catlett 1 S O 2 2 0 0 0
Catlett 2 I 1/2 N 1 2 0 0 1
Catlett 2 I 1/2 V 2 1 0 0 0
Catlett 2 I 1/4 N 0 0 0 0 0
Catlett 2 I 1/4 V 1 1 0 0 1
Catlett 2 I O 1 0 0 0 1
Catlett 2 S 1/2 N 0 0 0 0 0
Catlett 2 S 1/2 V 0 2 0 0 0
Catlett 2 S 1/4 N 0 0 0 0 0
Catlett 2 S 1/4 V 2 0 0 0 0
Catlett 2 S O 0 4 0 0 0
Catlett 3 I 1/2 N 0 1 0 0 0
Catlett 3 I 1/2 V 9 0 0 0 4
Catlett 3 I 1/4 N 37 0 0 1 5
Catlett 3 I 1/4 V 0 0 0 0 0
Catlett 3 I O 4 1 0 0 0
Catlett 3 S 1/2 N 0 0 0 0 0
Catlett 3 S 1/2 V 0 0 0 0 0
Catlett 3 S 1/4 N 1 0 0 0 1
Catlett 3 S 1/4 V 0 0 0 0 0
Catlett 3 S O 2 1 0 0 2
Timberneck 1 I 1/2 N 1 2 0 0 1
Timberneck 1 I 1/2 V 0 0 0 0 0
Timberneck 1 I 1/4 N 3 1 0 0 0
Timberneck 1 I 1/4 V 0 1 0 0 0
Timberneck 1 I O 8 0 0 0 1
Timberneck 1 S 1/2 N 0 0 0 0 0
Timberneck 1 S 1/2 V 0 0 0 0 0
Timberneck 1 S 1/4 N 0 0 0 0 0
Timberneck 1 S 1/4 V 0 0 0 0 0
Timberneck 1 S O 0 0 0 0 0
Timberneck 2 I 1/2 N 2 2 0 0 1
Timberneck 2 I 1/2 V 0 0 0 0 1
Timberneck 2 I 1/4 N 1 0 0 0 1
Timberneck 2 I 1/4 V 2 0 0 0 0
Timberneck 2 I O 0 0 0 0 0
Timberneck 2 S 1/2 N 1 2 0 0 0
Timberneck 2 S 1/2 V 0 0 0 0 0
Timberneck 2 S 1/4 N 11 1 0 0 0
Timberneck 2 S 1/4 V 2 0 0 0 0
Timberneck 2 S O 0 1 0 0 1
Timberneck 3 I 1/2 N 0 0 0 0 0
Timberneck 3 I 1/2 V 0 0 0 0 0
Timberneck 3 I 1/4 N 0 0 0 0 1
Timberneck 3 I 1/4 V 1 2 0 0 1
Timberneck 3 I O 0 0 0 0 0
Timberneck 3 S 1/2 N 0 0 0 0 0
Timberneck 3 S 1/2 V 2 0 0 0 0
Timberneck 3 S 1/4 N 0 0 0 0 0
Timberneck 3 S 1/4 V 1 0 0 0 2
Timberneck 3 S O 0 0 0 0 0
 41 
 
Table 7. Species diversity, density, and richness (S) for all locations (Loc; Catlett Islands, 
Timberneck Creek), sites (1 – 3), tidal level (intertidal (I), subtidal (S)), cage type and mesh size 
(½” Net (N) & VEXAR (V), ¼” N & V, open (O)), for 2019 1-year cage retrieval. 
Loc Site Tide Tr A. mitchelli L. balthica M. lateralis M. arentia T. plebeius
Catlett 1 I 1/2 N 6 6 0 37 0
Catlett 1 I 1/2 V 3 0 0 3 0
Catlett 1 I 1/4 N 5 8 0 43 0
Catlett 1 I 1/4 V 0 2 0 0 0
Catlett 1 I O 1 14 1 6 0
Catlett 1 S 1/2 N 2 2 0 5 0
Catlett 1 S 1/2 V 0 0 0 0 0
Catlett 1 S 1/4 N 2 5 0 0 0
Catlett 1 S 1/4 V 0 0 0 0 0
Catlett 1 S O 1 11 0 2 0
Catlett 2 I 1/2 N 1 3 0 72 0
Catlett 2 I 1/2 V 0 2 0 2 0
Catlett 2 I 1/4 N 0 1 0 15 0
Catlett 2 I 1/4 V 1 9 0 92 0
Catlett 2 I O 1 1 0 8 0
Catlett 2 S 1/2 N 1 5 0 17 0
Catlett 2 S 1/2 V 0 10 0 9 0
Catlett 2 S 1/4 N 0 5 0 5 0
Catlett 2 S 1/4 V 0 1 0 0 0
Catlett 2 S O 0 1 0 0 0
Catlett 3 I 1/2 N 0 4 0 64 0
Catlett 3 I 1/2 V 0 2 0 0 0
Catlett 3 I 1/4 N 0 5 1 70 0
Catlett 3 I 1/4 V 0 0 0 0 0
Catlett 3 I O 0 2 0 13 0
Catlett 3 S 1/2 N 1 11 0 17 0
Catlett 3 S 1/2 V 0 0 0 0 0
Catlett 3 S 1/4 N 5 9 0 41 1
Catlett 3 S 1/4 V 0 0 0 0 0
Catlett 3 S O 0 2 0 6 0
Timberneck 1 I 1/2 N 1 6 0 111 0
Timberneck 1 I 1/2 V 0 1 0 84 0
Timberneck 1 I 1/4 N 0 2 0 206 0
Timberneck 1 I 1/4 V 2 5 0 78 0
Timberneck 1 I O 1 6 0 22 0
Timberneck 1 S 1/2 N 1 1 0 46 0
Timberneck 1 S 1/2 V 1 4 0 0 0
Timberneck 1 S 1/4 N 1 3 0 0 0
Timberneck 1 S 1/4 V 0 0 0 0 0
Timberneck 1 S O 1 9 0 0 0
Timberneck 2 I 1/2 N 0 0 0 1 0
Timberneck 2 I 1/2 V 0 1 0 7 1
Timberneck 2 I 1/4 N 0 1 0 67 1
Timberneck 2 I 1/4 V 0 1 0 24 0
Timberneck 2 I O 0 6 0 6 0
Timberneck 2 S 1/2 N 2 4 0 35 0
Timberneck 2 S 1/2 V 0 3 0 0 0
Timberneck 2 S 1/4 N 0 5 0 37 0
Timberneck 2 S 1/4 V 0 0 0 0 0
Timberneck 2 S O 0 2 0 10 0
Timberneck 3 I 1/2 N 0 0 0 0 0
Timberneck 3 I 1/2 V 0 12 0 4 0
Timberneck 3 I 1/4 N 5 7 0 106 0
Timberneck 3 I 1/4 V 0 2 0 2 0
Timberneck 3 I O 1 12 0 15 1
Timberneck 3 S 1/2 N 3 2 0 56 0
Timberneck 3 S 1/2 V 0 0 0 0 0
Timberneck 3 S 1/4 N 3 6 0 32 0
Timberneck 3 S 1/4 V 8 11 0 100 0










As we hypothesized, the presence of caging and netting increased Mya arenaria survival and 
recruitment. This was in agreement with similar studies on M. arenaria in more northern habitats 
and previous predator-exclusion studies on bivalves throughout the world (Beal & Kraus, 2002; 
Spencer et al., 1992; Smith & Langdon, 1998; Fernandez et al., 1999; Cigarria & Fernandez, 
Groups t P(perm) Unique perms
1/2 N, 1/2 V 1.51 0.055 984
1/2 N, 1/4 N 0.957 0.447 984
1/2 N, 1/4 V 0.744 0.647 981
1/2 N, O 2.17 0.001 981
1/2 V, 1/4 N 2.12 0.011 987
1/2 V, 1/4 V 0.847 0.561 962
1/2 V, O 1.37 0.075 989
1/4 N, 1/4 V 1.27 0.185 989
1/4 N, O 3.03 0.002 987
1/4 V, O 1.54 0.043 991
Table 8a. Pair-wise comparison tests by treatment (Groups; ½” Net (N) & VEXAR (V), ¼” N & V, 
open (O)), for the intertidal bivalve community for 2019 1-year cage retrieval. Pseudo-t (t), p-
value (P(perm)), and number of unique values of the test statistic (unique perms) are shown.
Groups t P(perm) Unique perms
1/2 N, 1/2 V 2.4226 0.005 952
1/2 N, 1/4 N 1.1716 0.242 990
1/2 N, 1/4 V 2.8233 0.007 884
1/2 N, O 2.0866 0.007 991
1/2 V, 1/4 N 1.6352 0.109 946
1/2 V, 1/4 V 0.82983 0.42 120
1/2 V, O 1.4686 0.165 946
1/4 N, 1/4 V 2.2234 0.022 863
1/4 N, O 1.0662 0.337 991
1/4 V, O 2.2113 0.01 795
Table 8b. Pair-wise comparison tests by treatment (Groups; ½” Net (N) & VEXAR (V), ¼” N & V, 
open (O)), for the subtidal bivalve community for 2019 1-year cage retrieval. Pseudo-t (t), p-
value (P(perm)), and number of unique values of the test statistic (unique perms) are shown.
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2000). Netting offered enough protection from predators to allow clams to grow to harvestable 
sizes within six months when allowed to grow over the cooler months for the 2018 caging study. 
It is possible that if planted in the early fall at ~13 mm in SL, a viable winter aquaculture 
operation can be established for M. arenaria in the lower Chesapeake Bay. Planting in the early 
fall would also ensure the capture of any fall recruits into the area protected by caging or netting 
(Baker & Mann, 1990). We also saw substantial M. arenaria recruitment to caged areas in the 
early spring. Given the high recruitment of M. arenaria documented in this study, it is likely that 
low recruitment is not the culprit for low densities of M. arenaria in the Chesapeake Bay.  
 
4.1. Mya arenaria Recruitment, Survival, and Size – Effects of Mesh and Tidal Zones 
 
Caging mesh type and mesh size played a role in M. arenaria recruitment, survival, and size.  
Recruitment and survival in partial cages were low and similar to open plots, suggesting that 
caging artifacts did not affect results of our caging experiments (Ambrose, 1984). Mya arenaria 
recruits tended to be more abundant in the net compared to VEXAR treatments, as well as the ¼” 
mesh sizes compared to ½”, which is similar to results observed for caging experiments done 
with M. arenaria populations in Maine (Beal & Kraus, 2002) where they compared two mesh 
types (flexible and extruded mesh) and three mesh sizes (4.2, 6.4, & 12.8 mm). Mesh type and 
size tended to impact size of M. arenaria recruits in the present study, counter to previous studies 
in Maine where the presence of protective netting had little effect on outplanted M. arenaria size 
(Beal, 2006). The variation in size of M. arenaria in the present study is possibly because larger 
recruit sizes occurred where clam densities were lower, and competition for food for these 
suspension-feeding bivalves may have been low (Hines et al., 1989) or from current baffling 
with cage presence – delivering less food to those clams protected by cages. Different clam sizes 
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with different mesh suggests that, for aquaculture, economic considerations about cost of 
different types of mesh could dictate which mesh is chosen for use in predator-deterrence. 
Aquaculturists would need to balance increased survival of outplanted clams and larger SL in ½” 
vs. ¼” mesh size with increased outplant survival and recruit density in net vs. VEXAR mesh. 
Considering both survival and recruitment results, ½” net material would give the greatest 
chance for outplanted clam survival and growth, though in this current study M. arenaria 
recruitment was greatest in the ¼” net material. There was no correlation between the abundance 
of recruits and survival of outplanted M. arenaria in the present study, similar to work in other 
systems (Bowen & Hunt, 2009). High recruitment of M. arenaria seen in the 2019 1-year cage 
retrieval (in early June) could be attributed to collection being during a time frame of reduced 
predation pressure immediately after spring recruitment months, as predation pressure peaks 
later, over the mid-summer months in the Bay (Blundon & Kennedy, 1982; Baker & Mann, 
1990). 
 
Although temperatures varied little between tidal zones in the 2019 experiment, survival was 2x 
higher, and recruits were 3x more abundant in the intertidal zone, which was contrary to our 
hypotheses. The lack of significant differences in temperature could be due to the proximity of 
the cages to one another at each site. Due to COVID-19 restrictions, the inundation times at each 
tidal zone for the 2019 caging experiment could not be measured, but it is possible that this led to 
differences in recruitment by tidal zone. Maximum water temperatures that were seen from 
iButtons include when exposed to air and water, however, since clams were buried in the 
sediments, it is likely that they did not experience the extreme temperatures recorded by the 
temperature loggers since the sediments can remain cooler than the surrounding water. In 
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addition, predator access is reduced in intertidal vs. subtidal areas, leading to intertidal zones as a 
shallow-water refuge from predation (Ruiz et al., 1993). Aquaculture in Maine is carried out on 
intertidal sand flats, so intertidal zones are well-tolerated by M. arenaria (Beal & Kraus, 2002), 
as long as temperatures are not extreme. An experiment with seasonal cage retrievals, greater 
distance between tidal zones, measurement of inundation time, and use of deeper subtidal 
habitats could more directly address the effects of different temperatures on M. arenaria 
recruitment and outplant survival according to tidal zone. Lack of survival after one year of 
deployment during both 2018 and 2019 (evidenced in the 1-year cage retrievals) is likely due to 
the summer water temperatures experienced by the clams of 30+°C (max of 40.6 °C), which 
were above the optimal temperatures (2° – 28°C) that M. arenaria prefer (Abraham & Dillon, 
1986; Kennedy & Mihursky, 1971). Establishing a winter aquaculture operation for M. arenaria, 
whereby clams are outplanted in the fall, allowed to grow over the winter, and harvested in the 
late spring, would avoid the lethal summer water temperatures in Chesapeake Bay, which would 
eliminate high temperatures as a factor leading to mortality. 
 
4.2. Crab Recruitment into Cages and Predator Effects 
 
Despite efforts to deter predators using caging materials, blue crabs were present in the 2019 
cages, and crabs were 2x as likely to be present in the VEXAR and 3x as likely to be present in 
the ½” mesh sizes. As juveniles, blue crabs seek refuge in complex habitats to avoid predation 
(Hovel & Lipcius, 2001). The presence of cages likely acted as a refuge for juvenile crabs as 
they settled in the York River. Rigidity of VEXAR compared to flexible netting could explain 
the greater crab presence in the VEXAR mesh type, as VEXAR moves less, was less pliable for 
sealing off small openings in the cages, and therefore, could be easier for juvenile crabs to get 
 46 
into. Once juvenile crabs settle into the cages, they grow and feed on the benthos therein, 
including clams. Blue crabs typically exhibit size-specific predation on their prey, and the size of 
the blue crab can largely dictate the prey size preference in terms on bivalves (Arnold, 1984). If 
clams are planted in the early fall, it is possible for them to grow to sizes where they become 
unavailable to their predators, thus increasing survival of M. arenaria. Increased crab presence in 
the larger mesh size is also likely due to the relative ease of small crabs being able to fit into 
those larger-mesh cages, but being too large to fit into the openings in the smaller-mesh 
treatments. Blue crabs typically recruit into seagrass beds during August-November at sizes 
between 10  and 30 mm (Hovel & Lipcius, 2001; Ralph et al., 2013) –precisely during the time 
frame of the present study, shortly after cages had been deployed in 2019. While some crabs 
were caught when retrieving the open cages, there were most likely some crabs that had escaped 
the open cages upon retrieval, thus numbers of crabs were not well-quantified for open plots. It is 
assumed that predation was reduced in the full cages vs. open plots, though the presence of some 
crabs within cages may have obscured some of our results regarding caging effects.  
 
4.3. Water Quality Effects 
 
Growth of M. arenaria could have been related to turbidity and phytoplankton availability, 
which differed by season. 2018 was considered a wet year compared to normal average which 
resulted in changes in salinity (VIMS Chesapeake Bay Climatology 2018 data).  Turbidity 
(NTU) peaks in the spring and fall of 2019 were likely due to the spring freshet and various algal 
blooms in both seasons, as well as the occurrence of hurricanes and tropical storms in the fall. 
Algal blooms mainly occur in the Chesapeake Bay between April through September (Marshall 
& Egerton, 2009). In terms of storms, 6 hurricanes, 10 tropical storms, and 2 tropical depressions 
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hit the Atlantic in 2019, with the bulk of the storms occurring between September and October 
(NOAA National Hurricane Center database). The timing of both algal blooms, providing plenty 
of food availability in the fall, and the hurricane season, ending in October, further supports the 
feasibility of a winter M. arenaria aquaculture operation. 2019 also was historically warmer in 
the Chesapeake Bay with temperatures about 5 degrees higher than the average during some 
winter and summer months (The Chesapeake Bay in 2019 data). 
 
4.4. Potential Disease Effects 
While disease was not prevalent in this study, M. arenaria are susceptible to diseases, such as 
Perkinsus chesapeaki and disseminated neoplasia in the Chesapeake Bay (Dungan et al., 2002). 
Disease would need to be considered as a potential mortality factor in an aquaculture operation, 
as disease can increase with high densities of bivalves (Powell et al., 1996). 
 
4.5. Presence of Other Organisms, and Bivalve Diversity 
 
Although it was not measured, biofouling might have had an effect on survival of outplanted 
clams. Biofouling in the Chesapeake Bay is common, and there are numerous fouling species 
that are common to this area (Karlson & Osman, 2012). Macroalgae, tunicates, and the Eastern 
oyster (Crassostrea virginica) were present on some of the cages and could have affected clam 
survival by competing for phytoplankton in the water column. Oysters tend to settle on hard 
substrate such as rocks, shell, or other anthropogenic structures and likely found the rigidity of 
cages to be suitable for settlement (Carroll et al., 2015; Fitt et al., 1989; Grant et al., 2013; 
Tamburri et al., 1992; Veitch & Hidu, 1971). 
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Bivalve abundance peaks in the spring and early summer of 2018 (6-month cage retrieval) and 
2019 (1-year cage retrieval) are likely due to the recruitment and settlement periods of the infaunal 
clams found in the cages. Limecola balthica typically has a main settlement period in the late-
spring and a smaller settlement period occurring in the fall (Long & Seitz, 2008). Abundance of 
M. arenaria and L. balthica likely reduced settlement of Ameritella mitchelli due to competition 
for space (Hines et al., 1989). Greater abundances of Tagelus plebeius were likely due to the timing 
of cage retrieval. The stout razor clam recruits in late May-April and ends in late April-May 
(Holland & Dean, 1977). It is possible some cages were retrieved prior to T. plebeius settlement. 
 
4.6. Aquaculture Implications 
 
An aquaculture operation for M. arenaria in the Chesapeake Bay is feasible, based on the proof-
of-concept from survival and growth of transplanted clams and recruitment and rapid growth of 
recruits demonstrated in the present study; however, it would be necessary to expand the present 
study to determine whether an aquaculture operation for M. arenaria would be profitable. 
Aquaculture operations in Chesapeake Bay could follow the work that has been established in 
Maine where there is a successful M. arenaria aquaculture operation. In a study on M. arenaria 
recruitment, transplantation, and grow-out in cages, large plots were sectioned off and were 
outlined with a wooden frame and covered with flexible netting (Beal & Kraus, 2002). The 
presence of netting, as shown in the present study in addition to that by Beal and Kraus (2002), 
can enhance the presence of locally wild clam abundance. However, even with protective mesh, 
overall survival in our study was low. 
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For a profitable and convenient aquaculture operation for M. arenaria in Chesapeake Bay, it would 
be ideal to grow out clams in the field through all seasons. Although not seen in the present study 
where subtidal plots differed little in temperature from intertidal plots, placing the grow-out plots 
in a slightly deeper subtidal zone could reduce the thermal stress experienced by the clams in the 
summer months that we saw in southern Virginia. Another option might be to test aquaculture 
operations for M. arenaria in Maryland, where water temperatures are cooler than those in Virginia 




In conclusion, this study provides evidence that protection by use of netted cages increases 
survival and recruitment of Mya arenaria in the Chesapeake Bay. Instead of low recruitment 
being the controlling factor for low M. arenaria abundance in the bay, other post-settlement 
factors, such as predation, could be controlling the M. arenaria population (Beal & Kraus, 2002; 
Beal, 2006). Predator protection using mesh also increases recruitment of M. arenaria – adding 
more clams for potential harvest once they reach market size (Beal & Kraus, 2002). One study of 
long-term M. arenaria densities showed that populations are being kept in check by blue crab 
predation (Glaspie et al., 2020). However, it is possible that the lack of habitat complexity could 
also be the cause of low densities in the Bay (Glaspie et al., 2018). Protective cages, however, 
would provide the necessary habitat that these clams would require for survival in an aquaculture 
operation.  
 
The use of caging and netting to protect M. arenaria could also increase restoration efforts on 
these bivalves. Contrary to oysters which are commonly harvested through aquaculture 
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operations, M. arenaria would still be reproducing and contributing to the population. It is 
possible that we could see an increase in local M. arenaria populations where protection from 
predators is present. 
 
The present study provides preliminary criteria that could be used to develop a soft-shell clam 
aquaculture operation in the Chesapeake Bay. Information like seed length, ideal tidal zone, and 
specifics on cage and mesh treatments, in addition to economic considerations, are few of the 
things that can be used as guidelines for an aquaculture operation development. 
 
The planting of seed clams between ~13 and 22 mm in shell length in the early fall (late 
September) is recommended based on the results from this study, with harvests beginning in 
mid-April before the next cohort of M. arenaria has settled into the protected area. This would 
provide clams with enough time to grow to market size over the course of the winter season – 
avoiding the thermal stress of high summer water temperatures in the (lower) Bay. As water 
temperatures continue to increase in the Chesapeake Bay with global warming (Rice & Jastram, 
2015), it is recommended that cages be placed in deeper tidal zones to improve the chances of 
survival throughout the summer months. In addition to the deeper placement of cages, this study 
provides evidence that the ½” net (for optimal outplant survival) or ¼” net (for optimal clam 
recruitment) would be ideal for aquaculture operations. For optimal deterrence of blue crabs, the 
smaller mesh would be better. This net treatment could potentially provide a cost-effective 
method for the development of M. arenaria aquaculture in Virginia, though a full economic 
study of the difference in mesh options would be beneficial. Though the current study did not 
address clam stocking density, our highest densities of 154 clams/m-2 had successful survival, 
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and it is recommended to use a stocking density of 154 – 660 m-2, with the upper ranges 
suggested by Beal and Kraus (2002). Following these approaches, I believe that it is possible to 


























Model Formula k AICc ΔAICc wi 
g0 Intercept 2 75.45 11.37 0.00 
g1 Treatment 3 72.77 8.70 0.01 
g2 Location 3 73.21 9.14 0.01 
g3 Treatment + Location 4 64.08 0.00 0.97 
g4 Treatment + Location + (Treatment x Location) 7 87.29 23.22 0.00 
Table A1. Akaike’s information criterion (AIC) calculations for linear models corresponding to 
different logistic regression models for the density of M. arenaria recruits in April 2018. Number 
of parameters (k) are shown for each model, including variance (σ2) as a parameter. AIC: the bias-
corrected AIC value; Delta.AIC: the difference in the AIC values between a given model and the 
best model; wi: weighted probability that a given model is the best model in the set. Best 
model explained 85% of the deviance. 
Table A2. Akaike’s information criterion (AIC) calculations for linear models corresponding to 
different logistic regression models for the lengths of M. arenaria recruits in April 2018. Number 
of parameters (k) are shown for each model, including variance (σ2) as a parameter. AIC: the bias-
corrected AIC value; Delta.AIC: the difference AIC values between a given model and the best 
model; wi: weighted probability that a given model is the best model in the set. Best model 

























Model Formula k AICc ΔAICc wi 
g0 Intercept 2 840.01 28.80 0.00 
g1 Treatment 3 841.66 30.44 0.01 
g2 Location 3 811.22 0.00 0.52 
g3 Treatment + Location 4 812.56 1.34 0.27 
g4 Treatment + Location + (Treatment x Location) 7 813.01 1.80 0.21 
 
Model Formula k AICc ΔAICc wi 
g0 Intercept 2 98.27 0.00 0.76 
g1 Treatment 4 99.66 5.77 0.04 
g2 Location 3 99.45 2.84 0.18 
g3 Treatment + Location 5 100.63 11.02 0.00 
g4 Treatment + Location + (Treatment x Location) 9 101.30 29.69 0.00 
Table A3. Akaike’s information criterion (AIC) calculations for linear models corresponding to 
different logistic regression models for the density of M. arenaria recruits in September 2018. 
Number of parameters (k) are shown for each model, including variance (σ2) as a parameter. AIC: the 
bias-corrected AIC value; Delta.AIC: difference in the AIC values between a given model and the 
best model; wi: weighted probability that a given model is the best model in the set.  
Table A4. Akaike’s information criterion (AIC) calculations for linear models corresponding to 
different logistic regression models for the lengths of M. arenaria recruits in September 2018. 
Number of parameters (k) are shown for each model, including variance (σ2) as a parameter. AIC: the 
bias-corrected AIC value; Delta.AIC: difference in the AIC values between a given model and the best 
model; wi: weighted probability that a given model is the best model in the set. Best model 















Model Formula k AICc ΔAICc wi 
g0 Intercept 2 361.95 13.80 0.00 
g1 Treatment 4 348.36 0.46 0.24 
g2 Location 3 348.40 0.94 0.19 
g3 Treatment + Location 5 347.55 0.00 0.31 
g4 Treatment + Location + (Treatment x Location) 9 347.55 0.45 0.24 
Table A5. Water and exposure temperature (°C )for all sites (1-3) and tidal levels (intertidal, 
subtidal) at Timberneck Creek for 2019 caging study. Mean and range are shown.
Site Month Tidal Level Mean Min Max
1 Jun Intertidal/Subtidal 27.3/26.9 15.5/21 35/34.5
1 Jul Intertidal/Subtidal 29.5/35 22.5/23 35/37
1 Aug Intertidal/Subtidal 28.5/28.1 22/23 38.5/35.3
1 Sep Intertidal/Subtidal 26.2/26.1 21.5/21.5 33.5/32.5
1 Oct Intertidal/Subtidal 24.3/24.2 21.5/21 27.5/27
2 Jun Intertidal/Subtidal 27.5/27.2 20/22 36/40.5
2 Jul Intertidal/Subtidal 30/29.5 23/23 36.5/35
2 Aug Intertidal/Subtidal 28.2/27.9 23/23 35/34
2 Sep Intertidal/Subtidal 26.1/26.2 22/22 34.5/32
2 Oct Intertidal/Subtidal 24.1/24.4 21/21.5 27.5/27
3 Jun Intertidal/Subtidal 27/26.6 15.5/20.5 37/35.5
3 Jul Intertidal/Subtidal 29.5/29.2 22/22.5 38.5/38.5
3 Aug Intertidal/Subtidal 28.3/28.1 21.5/23 38/38
3 Sep Intertidal/Subtidal 26.1/25.8 19/20.5 37.5/32







Table A6. Water and exposure temperature (°C )for all sites (1-3) and tidal levels (intertidal, 
subtidal) at Catlett Islands for 2019 caging study. Mean and range are shown. NAs indicate 















Table A10. Harmful algal bloom (HAB) composition from water samples taken 
during the 2019 caging study. Bloom counts are quantitative polymerase chain 
reaction (qPCR) cells/ milliliter (mL) 
A. monilatum qPCR cells/mL M. polykrikoides qPCR cells/mL K. veneficum qPCR cells/mL P. minimum qPCR cells/mL
0 0 3.3 0
0 0 1.1 0
0 0 4.1 0
0 0 0.9 0
0 0 1 0
0 0 2.4 0
0 0 0.65 0
0 0 0.9 0
0 0 3.2 0
0.03 0 0 2.4
0.11 0 0.06 2.4
0 0 0 0.16
0 0 0.04 0.34
0 0 0.01 0.63
0 0 0.05 1.9
0 0 0.22 0.63
0 0 0.06 0.69
0 0 0.55 0
0 0 0 0.44
0 0 0.29 0.6
0 0.01 0.05 0.29
0 0 0.59 1.4
0 0 0.09 0.48
0 0 0.16 1.2
0 0 1.1 0.97
0 0 0 0
0 0 0.43 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1.6
0 0 0 0
0 0 0 0
0 0 0.08 2.3
0 0 0.02 2.2
0 0 0.02 0.49
0 0 0.12 1.4
0 0 0 0
0 0 0 0
0 0 0.05 2.3
0 0 0.04 2.9
0 0 0.02 1.2
0 0 0.24 3.4
0 0 0.02 1.3
0 0 0.005 2.7
0 0 0.01 0.74
0 0 0 2.5
0 0 0.05 1.4
0 0 0.03 0.88
0 0 0.02 0.31
0 0 0.17 2.7
0 0 0.02 2.1
0 0 0.05 0.85
0 0 0.07 16.3
0 0 0.03 1.1
0 0 0.02 0.78
0 0 0.13 1.9
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 Table A11. Akaike’s information criterion (AIC) calculations for linear models corresponding to 
different logistic regression models for outplanted M. arenaria survival at the 6-month cage 
retrieval - including crab presence as a factor. Number of parameters (k) are shown for each model, 
including variance (σ2) as a parameter. AIC; ΔAIC: difference in the AIC values between a given 
model and the best model; wi: weighted probability that a given model is the best model in the set. 
Percent deviance explained for best model is shown. 
 
Model k AIC Delta.AIC Weight Predictors % Deviance Explained 
 
g4 3 322.47 0.00 0.90 Crab 7 
 
g6 5 327.63 5.16 0.07 Cage + Tidal  
 
g8 7 329.64 7.17 0.02 Cage + Mesh + Tidal  
 
g1 4 333.02 10.55 0.00 Cage  
 
g5 6 335.02 12.55 0.00 Cage + Mesh  
 
g7 5 336.47 14.00 0.00 Mesh + Tidal  
 
g3 3 341.01 18.54 0.00 Tidal  
 
g2 4 341.74 19.27 0.00 Mesh  
 









 Table A12. Akaike’s information criterion (AIC) calculations for linear models corresponding to 
different logistic regression models for outplanted M. arenaria survival at the 6-month cage 
retrieval - excluding crab presence as a factor. Number of parameters (k) are shown for each model, 
including variance (σ2) as a parameter. AIC; ΔAIC: difference in the AIC values between a given 
model and the best model; wi: weighted probability that a given model is the best model in the set. 
Percent deviance explained for best model is shown. 
 
Model k AIC Delta.AIC Weight Predictors % Deviance Explained 
 
G 5 327.63 0.00 0.68 Cage + Tidal 7 
 
g7 7 329.64 2.01 0.25 Cage + Mesh + Tidal  
 
g1 4 333.02 5.39 0.05 Cage  
 
g4 6 335.02 7.39 0.02 Cage + Mesh  
 
g6 5 336.47 8.84 0.01 Mesh + Tidal  
 
g3 3 341.01 13.38 0.00 Tidal  
 
g2 4 341.74 14.11 0.00 Mesh  
 
















Table A13. Akaike’s information criterion (AIC) calculations for linear models corresponding to 
different logistic regression models for outplanted M. arenaria lengths at the 6-month cage retrieval 
– excluding crab presence as a factor. Number of parameters (k) are shown for each model, including 
variance (σ2) as a parameter. AIC; ΔAIC: difference in the AIC values between a given model and 
the best model; wi: weighted probability that a given model is the best model in the set. Percent 




AIC Delta.AIC Weight Predictors 
 
g0  2 314.85 0.00 0.51 Intercept 
 
g1 4 316.76 1.91 0.20 Cage 
 
g2 4 318.17 3.32 0.10 Mesh 
 
g3 3 318.19 3.34 0.10 Tidal 
 
g4 6 320.28 5.43 0.03 Cage + Mesh 
 
g5 5 320.30 5.45 0.03 Cage + Tidal 
 
g6 5 320.65 5.80 0.03 Mesh + Tidal 
 






 Table A14. Akaike’s information criterion (AIC) calculations for linear models corresponding to 
different logistic regression models for outplanted M. arenaria survival at the 1-year cage retrieval - 
excluding crab presence as a factor. Number of parameters (k) are shown for each model, including 
variance (σ2) as a parameter. AIC; ΔAIC: difference in the AIC values between a given model and 
the best model; wi: weighted probability that a given model is the best model in the set. Percent 




k AIC Delta.AIC Weight Predictors 
 
% Deviance Explained 
 
g4 6 245.58 0.00 0.38 Cage + Mesh ~5 
 
g1 4 247.20 1.62 0.17 Cage  
 
g2 4 247.20 1.62 0.17 Mesh  
 
g7 7 247.62 2.04 0.14 Cage + Mesh + Tidal  
 
g5 5 249.23 3.65 0.06 Cage + Tidal  
 
g6 5 249.23 3.65 0.06 Mesh + Tidal  
 
g0 2 251.87 6.29 0.02 Intercept  
 











Table A15. Akaike’s information criterion (AIC) calculations for linear models corresponding to 
different logistic regression models for outplanted M. arenaria lengths at the 1-year cage retrieval – 
excluding crab presence as a factor. Number of parameters (k) are shown for each model, including 
variance (σ2) as a parameter. AIC; ΔAIC: difference in the AIC values between a given model and 
the best model; wi: weighted probability that a given model is the best model in the set.  
 
 
Model k AIC Delta.AIC Weight Predictors 
 
g0 2 201.15 0.00 0.42 Intercept 
 
g2 4 202.88 1.73 0.18 Mesh 
 
g1 4 203.22 2.07 0.15 Cage 
 
g3 3 203.56 2.41 0.12 Tidal 
 
g4 6 205.58 4.43 0.05 Cage + Mesh 
 
g6 5 205.70 4.55 0.04 Mesh + Tidal 
 
g5 5 205.95 4.80 0.04 Cage + Tidal 
 




 Table A16. Akaike’s information criterion (AIC) calculations for linear models corresponding 
to different logistic regression models for recruited M. arenaria density at the 1-year cage 
retrieval - excluding crab presence as a factor.  Number of parameters (k) are shown for each 
model, including variance (σ2) as a parameter. AIC; ΔAIC: difference in the AIC values 
between a given model and the best model; wi: weighted probability that a given model is the 
best model in the set.  Percent deviance explained for best model is shown. 
 
Model k AIC Delta.AIC Weight Predictors % Deviance Explained 
 
g5 5 459.28 0.00 0.39 Cage + Tidal 18 
 
g7 7 459.85 0.57 0.30 Cage + Mesh + Tidal  
 
g1 4 462.25 2.97 0.09 Cage  
 
g6 5 462.70 3.42 0.07 Mesh + Tidal  
 
g4 6 463.00 3.72 0.06 Cage + Mesh  
 
g3 3 463.35 4.07 0.05 Tidal  
 
g2 4 465.04 5.76 0.02 Mesh  
 
g0 2 465.60 6.32 0.02 Intercept  
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 Table A17. Akaike’s information criterion (AIC) calculations for linear models corresponding 
to different logistic regression models for recruited M. arenaria lengths at the 1-year cage 
retrieval - excluding crab presence as a factor. Number of parameters (k) are shown for each 
model, including variance (σ2) as a parameter. AIC; ΔAIC: difference in the AIC values 
between a given model and the best model; wi: weighted probability that a given model is the 
best model in the set. Percent deviance explained for best model is shown. 
 
Model k AIC Delta.AIC Weight Predictors % Deviance Explained 
 
g6 5 9484.58 0.00 0.73 Mesh + Tidal 3 
 
g7 7 9486.58 2.00 0.27 Cage + Mesh + Tidal  
 
g5 5 9499.21 14.63 0.00 Cage + Tide  
 
g2 4 9502.70 18.12 0.00 Mesh  
 
g4 6 9504.68 20.10 0.00 Cage + Mesh  
 
g3 3 9512.81 28.23 0.00 Tidal  
 
g1 4 9520.77 36.19 0.00 Cage  
 





Fig. A1. Probability of C. sapidus in cages by cage type (top; open, VEXAR, net) and mesh 
size (bottom, ½”, ¼”, no mesh). Circle indicates the mean and and bars are 95% 
confidence intervals (CI). 







































C. sapidus Carapace Width by Cage Retrieval
Fig. A2. Histogram of blue crab carapace width (mm) by number of individual crabs for 
the 2019 cage retrieval date.
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